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The 682-nt satellite DNA (sat-DNA) of Tomato leaf curl virus (TLCV) depends on the helper virus for its replication. In
contrast to the strict specificity that exists in each geminivirus for its cognate replication associated protein (Rep), TLCV
sat-DNA can utilize Rep encoded by distinct geminiviruses. We have used a combination of protein-binding assays and
mutagenesis to show that repeat motifs in TLCV and sat-DNA are essential for Rep-binding in vitro. Surprisingly, mutants of
TLCV and sat-DNA impaired in their ability to bind TLCV Rep in vitro were infectious in tomato. Thus, in contrast to other
geminiviruses reported, TLCV and sat-DNA replication is independent of the high-affinity in vitro Rep binding. These results
prompt a reassessment of the current model of geminivirus replication where Rep/DNA interaction is a highly specific stepKey Words: Tomato leaf curl virus; Rep binding; satellite
INTRODUCTION
The satellite DNA (sat-DNA) associated with Tomato
leaf curl virus (TLCV; genus Begomovirus, family Gemi-
niviridae) infection in northern Australia is a 682-nt, cir-
cular single-stranded DNA that displays characteristics
analogous to the viral RNA satellites. It has no significant
sequence similarity to the TLCV genome except for the
nonanucleotide sequence motif TAATATTAC within a pu-
tative stem-loop structure that is universally conserved in
geminiviruses, and a binding motif GGTGTCT which is
identical to the binding motif for the replication-associ-
ated protein (Rep) in TLCV DNA. TLCV sat-DNA contains
no significant open reading frames and depends on
TLCV for its replication and encapsidation (Dry et al.,
1997). In addition, sat-DNA is capable of utilizing Tomato
yellow leaf curl virus (TYLCV), Beet curly top virus (BCTV),
and African cassava mosaic virus (ACMV) as helper
viruses (Dry et al., 1997).
TLCV belongs to the genus Begomovirus, members of
which are characterized by either monopartite or bipar-
tite genomes, transmission by the whitefly Bemisia
tabaci, and infection of dicotyledonous plants. Several
experiments have established that geminiviruses use a
rolling circle replication system and produce dsDNA
templates for their replication and transcription (for re-
views, see Hanley-Bowdoin et al., 1999; Lazarowitz,
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1992). Studies with Tomato golden mosaic virus (TGMV)
indicate that the geminiviral origin of DNA replication
(ori) has a modular organization (Fontes et al., 1994b;
Hanley-Bowdoin et al., 1999). A key element in the gemi-
niviral ori is a conserved nonanucleotide sequence
within a stem-loop structure that contains a specific nick
site catalyzed by the viral Rep (Laufs et al., 1995; Orozco
and Hanley-Bowdoin, 1996). Mutation of the nonanucle-
otide sequence inhibits geminivirus replication in vivo
and Rep-mediated DNA cleavage in vitro (Laufs et al.,
1995; Orozco and Hanley-Bowdoin, 1996). Another com-
mon element is the directly repeated Rep-binding motif.
Data from several experiments support the notion that
the binding of Rep to its cognate site is essential for
replication (Chatterji et al., 2000; Fontes et al., 1992,
1994a; Orozco et al., 1998). Mutations of the Rep-binding
motif that disrupt Rep-DNA interaction in vitro also abol-
ish geminiviral replication in vivo (Chatterji et al., 2000;
Choi and Stenger, 1996; Fontes et al., 1994a; Stenger and
Ostrow, 1996; Orozco et al., 1998).
Studies with several geminiviruses have shown that
viral Reps are strictly specific for the replication of their
cognate genomes (Chatterji et al., 1999, 2000; Choi and
Stenger, 1995, 1996; Fontes et al., 1994b; Jupin et al.,
1995). Analyses of chimeric strains of BCTV or TYLCV
have shown that the N-terminal domain of the Reps
determines the specificity of origin recognition (Choi and
Stenger, 1995; Jupin et al., 1995). Thus, in the current
model of geminivirus replication, the high-affinity binding
of viral Rep to the cognate origin of DNA replication isin the initiation of rolling circle replication. © 2003 Elsevier S
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considered to be essential for the highly specific initia-
tion of DNA replication by the homologous Rep molecule.
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An interesting feature of TLCV sat-DNA is that it defies
this specificity requirement. First, in contrast to the bi-
partite geminivirus DNA A and B genome components
that show a highly conserved ori (for example, the TGMV
ori in the A and B DNAs differs in only one position,
Orozco et al., 1998), the sat-DNA lacks a distinct TLCV-
related ori. Second, while the sat-DNA requires a helper
virus for replication, its replication is supported by non-
homologous geminiviruses as different as TYLCV, BCTV,
and ACMV (Dry et al., 1997). These unique features of
TLCV sat-DNA replication prompted the current study.
We have identified the Rep-binding motifs in TLCV
sat-DNA containing a repeat element, GGTGTCT, which
is identical to that present in TLCV DNA, but which
occurs in an inverted repeat orientation. A series of
binding site mutants were then constructed to test the
binding affinity and infectivity. Binding assays showed
that TLCV Rep binds the TLCV and sat-DNA with a
mutation in the 5 repeat but not in the 3 repeat motif. In
contrast to the observation that geminivirus Rep-binding
motif is essential for viral replication (Chatterji et al.,
2000; Choi and Stenger, 1996; Fontes et al., 1994a), mu-
tants of TLCV as well as sat-DNA with impaired Rep-
binding in vitro retained their ability to replicate in to-
mato.
RESULTS
TLCV Rep binds the viral sat-DNA specifically
The TLCV satellite contains two putative stem-loop
structures (Dry et al., 1997). One of these contains the
nonanucleotide sequence TAATATTAC conserved in all
geminiviruses (Fig. 1A, stem-loop I, nt 670 to nt 20
through nt 682). The other (Fig. 1A, stem-loop II, nt 377–
413) contains, within the loop, the GGTGTCT TLCV iteron
postulated by Argu¨ello-Astorga et al. (1994) and shown
experimentally by Behjatnia et al. (1998) to be involved in
virus-specific TLCV Rep-binding, suggesting that it may
be part of the sat-DNA ori. The analysis of sat-DNA Rep
interaction was therefore carried out in relation to these
putative stem-loop structures. TLCV His-Rep fusion was
purified as described (Behjatnia et al., 1998) and used in
electrophoretic mobility shift assays (EMSAs) with vari-
ous sat-DNA fragments.
Purified Rep bound strongly to the complete 682-nt
sat-DNA (Fig. 1B, Lanes 3 and 4) under the conditions
that it bound to the TLCV DNA intergenic region (IR) (342
bp, nt 2594 to nt 169 through nt 2766) (Fig. 1B, Lanes 1
and 2) but not to unrelated control DNA (Fig. 1B, Lanes 5
and 6). To map the Rep-binding site on the satellite, a
series of circularly permuted fragments of sat-DNA were
used. A protein–DNA complex was detected following
incubation of Rep with a half-size 342-bp sat-DNA frag-
ment containing stem loop II that carries putative Rep-
binding motifs (Fig. 1B, fragment I, Lanes 7 and 8, nt
201–542). However, no protein–DNA complex was de-
tected with the remaining sat-DNA fragment containing
stem loop I that carries the conserved nonanucleotide
motif (Fig. 1B, fragment II Lanes 9 and 10, nt 543 to nt 200
through nt 682). This is consistent with the results of
binding assays with the TLCV ori that showed the con-
served nonanucleotide sequence is not essential for
Rep-binding (Behjatnia et al., 1998).
To map the position of the Rep-binding motif on frag-
ment I, five overlapping fragments were produced from
this DNA. Protein–DNA complexes were formed with
DNA fragments III (227 bp; nt 201–427), IV (228 bp; nt
315–542), and VI (114 bp; nt 315–428) (Fig. 1B, Lanes
11–14, 17, and 18), containing the putative Rep-binding
motif, but not with fragments V (114 bp; nt 201–314) and
VII (114 bp; nt 429–542) (Fig. 1B, Lanes 15, 16, 19, and 20)
lacking the putative Rep-binding motif. These results
demonstrate that the satellite Rep-binding motif is lo-
cated between nucleotides 343 and 419.
No detectable DNA–protein complexes were formed
when using single-stranded oligonucleotides (virion-
sense or complementary-sense) containing sat-DNA nu-
cleotides 343–419 (data not shown). However, Rep-bind-
ing was observed when the same oligonucleotides were
first annealed to each other to produce a double-
stranded form (data not shown). This observation is con-
sistent with the result of TLCV DNA (Behjatnia et al.,
1998) showing that the viral Rep does not interact signif-
icantly in vitro with single-stranded DNA ori.
Identification of the Rep-binding element within the
TLCV sat-DNA
The sat-DNA fragment VI (114 bp, nt 315–428) contain-
ing the putative Rep-binding motif was end-labeled and
used in DNase I footprinting. Two zones of the DNA
fragment were consistently protected from DNase I di-
gestion in the presence of TLCV Rep (Fig. 2). Comparison
of the protected sequence with the TLCV sat-DNA se-
quence revealed that these two footprints (A and B) were
positioned 7 bp apart. Footprint A covered the sequence
TATTGAGACACCGATAGGTAAAT (nt 356–378), while foot-
print B included the sequence AATTGAATCGGTGTCTATT
(nt 386–404). The footprinting data indicated that TLCV
sat-DNA contains the same Rep-binding motif GGTGTCT
(italic) identified previously in TLCV (Behjatnia et al.,
1998). However, unlike the TLCV DNA Rep-binding motifs
that occur as a direct repeat (Behjatnia et al., 1998;
Argu¨ello-Astorga et al., 1994), the two binding motifs in
the TLCV satellite have an inverted orientation. It is also
interesting to note that the GGTGTCT motif in footprint B
is located within the loop of putative stem-loop II (Fig. 2).
The 3-binding motif and not the 5 motif is essential
for Rep-binding in vitro
Mutational analyses of Rep-binding sites of different
geminiviruses have been used to demonstrate the spec-
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ificity of Rep-DNA binding and the role of viral ori in
replication (Chatterji et al., 2000; Fontes et al., 1994a;
Orozco et al., 1998). We therefore examined the ability of
TLCV Rep to bind various Rep-binding site mutants of
either TLCV or sat-DNA.
From phylogenetic and structural analyses of the in-
FIG. 1. (A) A schematic presentation of the circular single-stranded TLCV sat-DNA showing stem loops ( E ) I and II. The conserved nonanucletide
in stem-loop I (nt 1–9) and the putative 3 Rep-binding motif in stem loop II (nt 395–401) are shown in bold lowercase. Restriction sites used in this
study are indicated. (B) Electrophoretic mobility shift analysis of the sat-DNA interaction with TLCV His-Rep fusion protein. A TLCV intergenic (IR) DNA
(Lanes 1 and 2) and a DNA clone of Grapevine leaf roll virus 1 (GLRV 1, Lanes 5 and 6) were used as positive and negative controls, respectively.
The location of labeled DNA fragments on TLCV and sat-DNA are indicated by a thick line in the lower box of each panel. DNA probes were incubated
in the absence () or presence () of TLCV His-Rep fusion protein and binding reactions were analyzed by electrophoresis in a 5% polyacrylamide
gel. Panels assembled in the figure are from three different experiments and mobilities of DNA/protein complexes are not directly comparable.
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tergenic regions of several geminiviruses, Argu¨ello-As-
torga et al. (1994) identified putative Rep-binding motifs
containing a core consensus sequence YGGDG (where
Y  C or T and D  A, G, or T). Rep-binding sequences
of a number of geminiviruses have been mapped exper-
imentally (Behjatnia et al., 1998; Fontes et al., 1994a,b)
and a comparison of the binding sites of bipartite bego-
moviruses has revealed the consensus sequence, 5-
GG-AGTAYYGG-AG (Orozco et al., 1998). The conserved
GG and AG dinucleotides are essential for efficient rep-
lication of TGMV and Rep binding (Fontes et al., 1994a;
Orozco et al., 1998). The GG dinucleotide is also con-
served in TLCV and sat-DNA Rep-binding motif (GGT-
GTCT). Therefore, we created TLCV sat-DNA Rep-bind-
ing site mutants in which the GGTG sequence present in
either the virion-sense strand or the complementary-
sense strand was modified to CCAC. Three binding site
(BS) mutants were created with the mutation in either the
5BS (nt 364–367) or the 3BS (nt 395–398), or in both
sites. These were used individually in EMSA to deter-
mine Rep interaction using wild-type sat-DNA as a pos-
itive control (Fig. 3, Lanes 1 and 2). A protein–DNA
complex was detected with the 5BS mutant (Fig. 3,
Lanes 3 and 4), but not with the 3BS mutant (Fig. 3,
Lanes 5 and 6). As expected, no protein–DNA complex
was detected when both the 5 and the 3-binding sites
were mutated (Fig. 3, Lanes 7 and 8).
While the two Rep-binding motifs in sat-DNA occur as
an inverted repeat, they have a direct orientation in TLCV
DNA. We changed the orientation of the 5BS in sat-DNA
to a direct repeat and found the mutant construct to be
capable of Rep-binding (Fig. 3, Lane 9 and 10). This
further demonstrated that the 5 Rep-binding motif could
tolerate mutations.
As shown in Fig. 1A, a unique feature of the TLCV
sat-DNA is that the 3 Rep-binding motif forms part of a
loop in a putative stem-loop (SL) structure (Dry et al.,
1997). We investigated whether the putative stem struc-
ture has a role in the interaction of TLCV Rep with
sat-DNA. Two mutants (5SLm, CCCC to GGGG at nt
382–385 and 3SLm, GGGG to CCCC at nt 405–408), in
which the formation of the stem structure was disrupted,
were examined with EMSA. Both mutants were capable
of Rep-binding (Fig. 3, Lanes 11–14). This result demon-
FIG. 2. DNase I footprinting analysis of Rep binding within the TLCV
sat-DNA. (A) The 114-bp sat-DNA fragment VI (nt 315–428, see Fig. 1B),
was 32P-labeled at the 5-end of either the virion-sense strand (Lanes 1
and 2) or the complementary-sense strand (Lanes 3 and 4). DNA
probes were incubated in the absence () and presence () of TLCV
His-Rep fusion protein. The protected regions are boxed and identified
as footprints A and B. (B) Partial nucleotide sequence (nt 351–424) of
the sat-DNA fragment VI showing footprints A and B (boxed) containing
the inverted repeat element (ggtgtct, agacacc). Numbering of the res-
idues are as in Dry et al. (1997).
FIG. 3. Mutational analysis of TLCV sat-DNA Rep-binding using
EMSA. The labeled DNA fragments were incubated in the absence ()
or presence () of TLCV His-Rep fusion protein. Wild-type (WT) and
mutated binding motifs are identified by () and (), respectively; BSm,
binding site mutant; SLm, stem-loop mutant. Binding reactions were
carried out and analyzed as described in Fig. 1.
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strated that neither the sequence nor the putative struc-
ture is strictly essential for Rep binding.
The sat-DNA 5 core-binding site (agacacc, Fig. 2) is
separated from the putative stem-loop structure II by
nine nucleotides (Fig. 2). This region contains the se-
quence AGGTAA (nt 371–376), including the conserved
GGT present in the Rep-binding motif. We examined a
deletion mutant in which this spacer sequence was re-
moved so that 5BS was positioned immediately next to
the putative stem structure. This mutant construct was
also capable of Rep binding (Fig. 3, Lanes 15 and 16).
Finally, the 5 Rep-binding motif was deleted entirely
and observed to have no effect on the interaction of Rep
with the DNA fragment (Fig. 3, Lanes 17 and 18), thereby
demonstrating that it is only the 3 Rep-binding motif
which is essential for TLCV sat-DNA-Rep interaction in
vitro.
Binding of the Rep to the TLCV Rep-binding sites
mutants
Previously, we identified that the direct repeat motif,
GGTGTCT (nt 2631–2636 and 2658–2663), was involved
in Rep binding to TLCV DNA (Behjatnia et al., 1998). To
examine the significance of individual motifs in Rep bind-
ing, three TLCV mutants, corresponding to the sat-DNA
mutants, were constructed. The mutation introduced in-
volves four base-pair substitutions (GGTG to CCGC) in
either one or both motifs, including the conserved GG
dinucleotide, which has been reported to be essential for
replication in Tomato leaf curl virus from New Delhi
(TLCV-NDe) and TGMV (Chatterji et al., 2000; Hanley-
Bowdoin et al., 1999).
A protein–DNA complex was detected with the wild-
type (WT) and 5BS mutant (GGTG to CCGC at nt 2631–
2634; Fig. 4, Lanes 1–4). However, no protein–DNA com-
plex was evident with the 3BS mutant (GGTG to CCGC
at nt 2658–2661; Fig. 4, Lanes 5 and 6) or with both
mutations (5/3BSm; Fig. 4, Lanes 7 and 8). These re-
sults are consistent with the results obtained with the
TLCV sat-DNA mutants (Fig. 3) and with a previous study
of TGMV (Fontes et al., 1994a), showing that the 3 motif
is more important than the 5 motif in Rep binding.
TLCV and sat-DNA constructs deficient in Rep
binding are capable of replication
From studies of distinct geminiviruses, it has been
reported that mutations of the Rep-binding motif that
disrupt Rep-DNA interaction in vitro also abolish gemi-
niviral replication in vivo (Chatterji et al., 2000; Choi and
Stenger, 1996; Fontes et al., 1994a). Given the observed
high-affinity binding of TLCV Rep to the sat-DNA (Fig. 1B)
on the one hand, and the ability of the TLCV satellite to
replicate with heterologous viruses on the other (Dry et
al., 1997), we asked the question as to whether Rep-DNA
binding was essential for TLCV sat-DNA replication. Sat-
DNA constructs carrying the binding site mutations de-
scribed in Fig. 3 were produced in a tandem repeat form
to test the impact of these mutations on infectivity. To-
mato plants were co-agroinoculated with the TLCV sat-
DNA mutants and TLCV as the helper virus. All virus-
inoculated plants developed normal TLCV symptoms.
DNA extracts from individual plants were examined by
Southern blot analysis and observed to contain both viral
and sat-DNA forms, indicating that the Rep-binding site
mutant constructs of sat-DNA were capable of replica-
tion (Table 1). While the levels of the helper TLCV DNA,
detected by Southern blot analysis, were uniform in all
samples examined (Fig. 5, Lanes 1–5), the same extracts
contained markedly different quantities of sat-DNAs (Fig.
5, Lanes 6–10), indicating that some of the mutations
introduced significantly affected the efficiency of sat-
DNA replication.
To rule out the possibility that the observed sat-DNA
replication was arising from sequence reversion of the
inoculated mutant constructs within the infected plants,
the progeny sat-DNAs were amplified and sequenced.
Sequencing revealed that the replicating sat-DNA con-
tained the authentic mutant sequence in each case (data
not shown).
We also tested if the disruption of TLCV Rep-binding
motif abolishes TLCV replication. Tomato plants were
agroinoculated with TLCV wild-type 1.5-mer (Rigden et
FIG. 4. Interaction analysis of TLCV Rep with TLCV Rep-binding site
mutants by EMSA. The labeled DNA fragment (907 bp, nt 2021 to nt 161
through nt 2766) was incubated in the absence () or presence () of
TLCV His-Rep fusion protein. The fragment, in the lower box of each
panel, contained either a wild-type sequence () or a GGTG to CCGC
mutation indicated by () at one or both binding sites. Binding reac-
tions were carried out and analyzed as described in Fig. 1.
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al., 1996) as well as the three binding site mutants (5BS,
3BS, and 5/3BS). Surprisingly, all six plants inoculated
with each of the viral mutants expressed typical disease
symptoms 3 weeks after inoculation. Southern blot anal-
ysis of DNA from plants 4 weeks after inoculation re-
vealed the presence of viral DNA forms at significant
levels in all plants (Fig. 6). Sequencing of the progeny
TLCV DNA isolated from plants infected with the viral
mutants revealed the presence of the same mutated
DNA (data not shown), thus confirming that the ex-
pressed symptoms were not due to a sequence rever-
sion. Moreover, each of the three mutant virus progeny
FIG. 5. Southern blot analysis of DNA from tomato plants infected
with wild-type or mutant sat-DNAs in the presence of TLCV. Tomato
plants were co-agroinoculated with an infectious clone of a TLCV
wild-type 1.5-mer and a sat-DNA 1.3-mer clone containing either wild-
type DNA or various mutations shown in Fig. 3. The blots were hybrid-
ized with either a 32P-labeled full-length TLCV probe (Lanes 1–5) or a
32P-labeled full-length sat-DNA probe (Lanes 6–10). DNA forms: oc,
open-circular; sc, supercoiled; ss, single-stranded.
FIG. 6. Southern blot analysis of DNA from tomato plants agroinocu-
lated with either wild-type or mutant TLCV DNA constructs in pBin19.
The viral inocula are indicated and mutations are shown in Fig. 4. The
blot was hybridized with a 32P-labeled full-length TLCV probe. DNA
forms: oc, open-circular; sc, supercoiled; ss, single-stranded.
TABLE 1
Effects of Mutations in the TLCV and sat-DNA Rep-Binding Motifs on Rep Binding and on Viral or sat-DNA Replication
Inoculuma
Mutation
Interaction
with TLCV
Rep
Infectivityb
TLCV Sat-DNA TLCV sat-DNA
WT —   (6/6)
5BSm — GGTG to CCGC (nt 2631–2634)   (6/6)
3BSm — GGTG to CCGC (nt 2658–2661)   (6/6)
5/3BSm — GGTG to CCGC (nt 2631–2634
and 2658–2661)
  (6/6)
WT 5BSm CACC to GCGG (nt 364–367)   (6/6)  (5/6)
WT 3BSm GGTG to CCGC (nt 395–398)   (6/6)  (5/6)
WT 5/3BSm CACC to GCGG (nt 364–367) and
GGTG to CCGC (nt 395–398)
  (6/6)  (4/6)
WT 5BS inversion AGACACCGAT to ATCGGTGTCT
(nt 361–370)
  (6/6)  (5/6)
WT 5SLm CCCC to GGGG (nt 382–385)   (6/6)  (5/6)
WT 3SLm GGGG to CCCC (nt 405–408)  Not tested Not tested
WT Spacer deletion AGGTAA deletion (nt 371–376)  Not tested Not tested
a WT, wild-type; BSm, binding site mutant; SLm, stem loop mutant.
b Shown as number of plants infected over plants inoculated.
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DNAs contained the wild-type sequence encoding at
least the 172 N-terminus amino acids of TLCV Rep,
indicating that the ability of three viral mutants to repli-
cate was unlikely to be due to a compensating change in
the viral Rep sequence.
DISCUSSION
Studies of geminivirus DNA replication via rolling cir-
cles have been mainly concerned with the interaction of
viral Rep with the viral DNA ori. Rep binding is consid-
ered a key step in the initiation of DNA replication
whereby Rep catalyzes a cleavage reaction in the con-
served nonanucleotide sequence within the ori (Laufs et
al., 1995). Geminiviral Rep-DNA interaction is highly spe-
cific in each virus. Trans-replication of a geminivirus ori
by a heterologous Rep is not generally possible even
when a closely related strain is used (Behjatnia et al.,
2001; Chatterji et al., 2000; Choi and Stenger, 1995, 1996;
Fontes et al., 1994b). It is therefore interesting that the
replication of TLCV sat-DNA can be supported by a
number of heterologous helper geminiviruses.
In this article, we show that TLCV Rep also interacts
with the sat-DNA specifically (Fig. 1B). Rep specificity
was demonstrated by the fact that no binding is ob-
served with sat-DNA fragments lacking the Rep-binding
motifs (Fig. 1B). Analysis of Rep binding by DNase I
footprinting revealed two protected regions on the sat-
DNA molecule (nt 356–378 and 386–404) in the presence
of TLCV Rep (Fig. 2). The two protected regions contain
the inverted repeat GGTGTCT as a core sequence sep-
arated by 27 nt. This core element is also present in the
TLCV DNA Rep-binding site as a direct repeat (Behjatnia
et al., 1998). The 3-binding motif of sat-DNA resides
within a putative stable stem-loop structure (Fig. 2, stem
loop II). The presence of the Rep-binding domain within
a stem-loop structure has not been observed in gemini-
viruses. Circular single-stranded DNA molecules of ap-
proximately 1350 nucleotides (termed DNA ), related to
TLCV sat-DNA, have been found to be associated with
Ageratum yellow vein virus (AYVV) (Saunders et al., 2000)
and Cotton leaf curl virus (CLCuV) (Briddon et al., 2001).
AYVV and CLCuV DNA s also depend on the respective
helper viruses for replication, but unlike TLCV sat-DNA,
DNA s induce disease symptoms in the presence of
helper viruses (Dry et al., 1997; Briddon et al., 2001;
Saunders et al., 2000). There is a remarkable similarity
between the Rep-binding domains of TLCV sat-DNA and
a putative Rep-binding site present in AYVV DNA ,
including a stem-loop structure and two binding motifs in
inverted orientation. However, neither the repeat element
nor the putative stem-loop structure is conserved in the
two DNA s of CLCuV. The significance of this structure
in the replication of DNA s remains unknown. Interest-
ingly, the predicted binding motifs of AYVV DNA  and
CLCuV DNA s are different to the Rep-binding motifs of
their respective helper viruses. This further indicates that
these satellite-related molecules are capable of utilizing
helper virus Reps without carrying a Rep-specific high-
affinity binding site.
Mutational analyses showed the 5 Rep-binding motifs
of TLCV and sat-DNA do not play an essential role in Rep
binding in vitro (Figs. 3 and 4). In contrast, the intact 3
binding motif is necessary for efficient Rep binding.
These results are consistent with those obtained by
mutagenesis of TGMV (Fontes et al., 1994a), which
showed the 3-binding motif to be more important for Rep
binding in vitro. In contrast, it has been reported that the
5-binding site contributes more significantly to the effi-
ciency of Rep-binding in TLCV-NDe than does the 3-
binding site (Chatterji et al., 2000). More recent muta-
tional analysis of the Rep-binding sites of TGMV (Orozco
et al., 1998) showed that both 5- and 3-binding sites are
equally important for Rep/DNA binding in vitro.
An unexpected finding in the current study was the
ability of Rep-binding site mutants of both sat and TLCV
DNAs to replicate in inoculated plants. These results are
in contrast to independent findings with other geminivi-
ruses in which Rep-binding sites are essential for viral
replication (Chatterji et al., 2000; Choi and Stenger, 1996;
Fontes et al., 1994a; Stenger and Ostrow, 1996; Orozco et
al., 1998). We have found that disruptions of either the
TLCV or the sat-DNA Rep-binding motifs do not abolish
in vivo accumulation of their respective DNA, even when
they prevent high-affinity Rep-binding in vitro. Sat-DNA
mutants that failed to bind the viral Rep to a detectable
level (Fig. 3, Lanes 5–8) resulted in a low level of DNA
accumulation (Fig. 5, Lanes 7 and 8) when inoculated
onto tomato plants with the TLCV helper virus. The low-
level accumulation of mutated sat-DNA observed in the
present of wild-type TLCV may be due to the inability of
sat-DNA mutants to compete with the wild-type helper
virus for Rep-mediated replication. This finding is con-
sistent with the observed high-level accumulation of sat-
DNA when supported by TLCV compared to the low level
of accumulation when supported by heterologous gemi-
niviruses that contain different Rep-binding sites (Dry et
al., 1997).
In plants inoculated with wild-type TLCV, DNA accu-
mulation did not appear to be drastically different com-
pared to those inoculated with the viral mutants (Fig. 6).
This was surprising because, in comparable studies of
other geminiviruses, even partial mutations of the Rep-
binding sites either caused the resultant virus to be
noninfectious or resulted in a reduced level of replication
(Chatterji et al., 2000; Fontes et al., 1994a; Orozco et al.,
1998). The possible reason for this contrasting observa-
tion is yet to be determined, but it is possible that TLCV
and its satellite are more permissive with respect to the
requirement for high-affinity Rep binding.
Similar to all geminiviruses studied to date, TLCV Rep
is absolutely required for viral DNA replication, and mu-
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tations in the rep gene abolish infectivity (I. B. Dry and M.
A Rezaian, unpublished data). It must therefore be pre-
sumed that Rep-mediated recognition and nicking of the
nonanucleotide still occur in BS mutants during initiation
of replication. It is conceivable that the TLCV mutants
tested in this study are capable of binding Rep in vitro,
which may be sufficient to allow DNA replication, but at
levels which are below detection with our current assay
system. However, this possibility is not supported by
mutations introduced into the Rep-binding sites of other
geminiviruses (Chatterji et al., 2000; Fontes et al., 1994a;
Orozco et al., 1998), which abolish replication. Thus, if
Rep interaction with the high-affinity binding sites is not
essential for replication, how is Rep likely to initiate TLCV
DNA replication? We cannot rule out the possibility that,
in vivo, a different type of interaction occurs between Rep
and TLCV or sat-DNA that cannot be detected in our in
vitro Rep-binding assays. Such a low affinity or transient
interaction may be enough to initiate the rolling circle
replication of TLCV DNA. This hypothesis is consistent
with the ability of TLCV sat-DNA to replicate with unre-
lated helper viruses. Alternatively, TLCV Rep interaction
with the viral and sat-DNAs in vivo may involve DNA
sequences other than those exhibiting high-affinity Rep
binding in vitro. A recent analysis of geminiviral replicative
form DNAs has provided evidence that rolling circle repli-
cation does not fully account for geminivirus DNA replica-
tion (Jeske et al., 2001). This study of DNA intermediates,
formed during Abutilon mosaic virus infection, indicates
that the majority of DNA intermediates are compatible with
a recombination-dependent replication model. The role of
Rep in a recombinant-dependent replication is not under-
stood and it may be possible that it is not required beyond
the stage of replication initiation.
Finally, the existence of high-affinity Rep-binding sites in
TLCV DNA and in other geminiviruses strongly suggests
their functional role in the geminivirus replication process.
Apart from initializing DNA replication, geminivirus Rep is
also known to regulate its own expression, presumably
through an interaction with the Rep promoter element that
overlaps the same region of Rep binding (Eagle et al., 1994).
It is conceivable that geminivirus Rep-binding sites provide
the mechanism for suppression of transcription, thus reg-
ulating the balance of transcription and replication that
occurs in opposite directions. However, such a regulatory
role does not seem to be essential in TLCV infection of
tomato. The infectious Rep-binding mutants of TLCV and
sat-DNA offer the possibility of analyzing their interaction
with the viral Rep during replication.
MATERIALS AND METHODS
Electrophoretic mobility shift assay
TLCV Rep was expressed in Escherichia coli using the
construct pQE30-C1 and purified under native conditions
as previously described (Behjatnia et al., 1998).
DNA probes were produced either by PCR using
5-end-labeled primers or by end-filling restriction
fragments. Primers were 5-end-labeled using 25 Ci
[-32P]ATP (4000 Ci/mmol) and 1.5 U T4 polynucleotide
kinase (Bresatec, Australia) in the reaction buffer pro-
vided by the same source. Each 5-labeled primer was
used directly without purification with an unlabeled
primer in the PCR reaction. DNA amplification was
done as described previously (Behjatnia et al., 1996).
Two adjacent sat-DNA primers, P1-C and P2-V (Table
2), were used to amplify a complete 682-nt sat-DNA.
Two DNA fragments, the first containing the putative
TLCV sat-DNA Rep-binding motif (Fig. 1B, fragment I,
342 bp, nt 201–542) and the second containing the
conserved nonanucleotide (Fig. 1B, fragment II, 340
bp, nt 543 to nt 200 through nt 682) were amplified
using the primer pairs (P15-C, P2-V) and (P1-C, P16-V),
respectively (Table 2). Sat-DNA fragments referred to
as fragments III, IV, V, VI, and VII (Fig. 1B) were gen-
erated by PCR using the primer pairs (P12-C, P2-V),
(P15-C, P4-V), (P3-C, P2-V), (P12-C, P4-V), and (P15-C,
P14-V), respectively (Table 2). The amplified DNA prod-
ucts were purified using a QIAquick PCR purification
kit (Qiagen, Germany).
To produce end-filled probes, DNA fragments were
released from either TLCV or sat-DNA clones by restric-
tion digestion and end-filled in the presence of 20 Ci
[32P]dATP (3000 Ci/mmol) using T4 DNA polymerase
(2U; Roche, Germany) in reaction buffer provided by the
same source.
Electrophoretic mobility shift assays were performed
as described (Behjatnia et al., 1998). Typical binding
reactions contained 200 ng of TLCV His-Rep fusion
protein, 1–2 ng labeled DNA, and 1 g of salmon sperm
DNA in 20 l binding buffer (20 mM HEPES, pH 7.4, 40
mM KCl, 10% glycerol, 1 mM DTT). Reactions were incu-
bated at room temperature for 20 min and samples were
analyzed by electrophoresis in non-denaturing 5% poly-
acrylamide gels in 1 TBE. The radioactive bands were
visualized by radiography.
DNase I footprinting
Sat-DNA P4-V or P12-C (Table 2) was 5-end labeled
as described above and used to amplify a 114-bp DNA
fragment labeled at the 5-end of either the virion-sense
strand or the complementary-sense strand. These frag-
ments were used in DNase I footprinting as described
(Behjatnia et al., 1998) and analyzed in an 8% sequencing
gel in 1 TBE. Sequencing reactions of the same-
labeled DNA fragments were performed by the
dideoxynucleotide chain termination method with the
Sequenase kit (U.S. Biochemical, USA) and analyses in
parallel with the footprinting reactions.
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Construction of TLCV and sat-DNA clones
A unique PstI site was introduced in the 48-nt position
of the TLCV sat-DNA sequence and used to construct a
NcoI/PstI 1.1-mer clone. This construct was produced by
subcloning an NcoI monomer into an NcoI site of a pBS
SK clone containing the sat-DNA 0.1 mer NcoI/PstI
fragment. Constructs sat-DNA NcoI/SpeI 1.3-mer, TLCV
full-length XbaI (pTLC4) clone, and sat-DNA NcoI/SpeI
1.3-mer in the binary vector pBin19 have been described
(Dry et al., 1993, 1997). TLCV SalI/KpnI 1.5-mer in pBin19
was from Rigden et al. (1996).
Site-directed mutagenesis of TLCV sat-DNA and TLCV
Site-directed mutagenesis of Rep-binding sites was
carried out by PCR using two flanking oligonucleotide
primers (P13-C and P19-V; Table 2) to amplify a KpnI-NcoI
fragment (460 bp, nt 651 to nt 428 through nt 682; Fig. 1A)
of TLCV sat-DNA. P19-V (Table 2) contained the NcoI site
as well as an introduced HindIII site for cloning pur-
poses. A KpnI site was introduced in the pBS-TLCV
sat-DNA NcoI/SpeI 1.3-mers clone and used as a tem-
plate. All mutations, except the 5BS deletion mutant that
was produced as annealed oligonucleotides (sat-DNA
P8-V and sat-DNA P8-C; Table 2), were introduced into
the 460-bp NcoI/KpnI fragment using either mutated
flanking primers or virion-sense and complementary-
sense mutated internal primers. Each internal mutant
primer was used with a flanking primer to amplify two
fragments with an overlapping region containing the de-
sired mutation. The two overlapping DNA products were
separated by electrophoresis in a 1.6% agarose gel and
purified by a QIAquick gel extraction kit (Qiagen). The
two overlapping DNA products were used in a second
TABLE 2
sat-DNA and TLCV-Specific Oligonucleotides Primers
Primersa
Size
(nt)
Nucleotide
positionb Sequence (5 to 3)c,e
Introduced
mutationd
Restriction
sitee
sat-DNA P1-C 25 176–200 AACCACTTTTTTTTTCTATTGATTG
sat-DNA P2-V 20 201–220 AAGGCACTGTGACAAATAAT
sat-DNA P3-C 22 293–314 TAACTAATTTTAACTGCATATC
sat-DNA P4-V 17 315–331 CCACAATAACTAATTGA
sat-DNA P5-V 26 356–381 TATTGAGAGCGGGATAGGTAAATTGT 5BSm
sat-DNA P5-C 26 356–381 ACAATTTACCTATCCCGCTCTCAATA 5BSm
sat-DNA P6-V 30 351–380 GTAAATATTGATCGGTGTCTAGGTAAATTG 5BS inversion
sat-DNA P6-C 30 351–380 CAATTTACCTAGACACCGATCAATATTTAC 5BS inversion
sat-DNA P7-V 24 372–395 GGTAAATTGTGGGGAATTGAATCG 5SLm
sat-DNA P7-C 24 372–395 CGATTCAATTCCCCACAATTTACC 5SLm
sat-DNA P8-V 48 371–418 AGGTAAATTGTCCCCAATTGAATCGGTGTCTATTGGGGACAATGGGTA 5BS deletion
sat-DNA P8-C 48 371–418 TACCCATTGTCCCCAATAGACACCGATTCAATTGGGGACAATTTACCT 5BS deletion
sat-DNA P9-V 24 359–388 TGAGACACCGAT******ATTGTCCCCAAT Spacer deletion
sat-DNA P9-C 24 359–388 ATTGGGGACAAT******ATCGGTGTCTCA Spacer deletion
sat-DNA P10-C 38 386–423 GATGGTACCCATTGTCCCCAATAGAGCGGGATTCAATT 3BSm KpnI
sat-DNA P11-C 29 395–423 GATGGTACCCATTGTGGGGAATAGACACC 3SLm KpnI
sat-DNA P12-C 18 411–428 AAAACGATGATACCCATT
sat-DNA P13-C 18 411–428 AAAACGATGGTACCCATT KpnI
sat-DNA P14-V 19 429–447 TTGGACTAAAATGCCCCTG
sat-DNA P15-C 21 522–542 AGCTCGGAATCGGAAGTTATG
sat-DNA P16-V 18 543–560 CCGATTGCAACACGCGCG
sat-DNA P17-C 25 632–656 CCATGGATGTCGTTGAGCTCCGAAG
sat-DNA P18-V 23 651–673 CCATGGTGGTTCTGGTGGTACGG
sat-DNA P19-V 29 651–670 gccaagctt CCATGGTGGTTCTGGTGGTA HindIII and NcoI
TLCV P1-C 24 138–161 AAAGGATCCCACATTTTATGGGCC BamHI
TLCV P2-V 24 2021–2044 ACTCCTCGAGTTCTTCTGGAACTC XhoI
TLCV P3-V 24 2621–2644 TTTAGCAATTCCGCTCTCTCAACT 5BSm
TLCV P3-C 24 2621–2644 AGTTGAGAGAGCGGAATTGCTAAA 5BSm
TLCV P4-V 24 2649–2672 AAATGAATCCCGCTCTGGGGTCTT 3BSm
TLCV P4-C 24 2649–2672 AAGACCCCAGAGCGGGATTCATTT 3BSm
a V, virion-sense; C, complementary-sense.
b Nucleotide positions of sat-DNA as in Dry et al. (1997) and of TLCV as in Dry et al. (1993).
c Bold characters show mutations; * denotes deletions. Lowercase characters in sat-DNA P19-V indicate extra nucleotide residues including a
HindIII site introduced for cloning.
d BSm, binding site mutant; SLm, stem loop mutant.
e Underlined residues are restriction site.
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PCR reaction with the flanking primers to amplify the
complete NcoI-KpnI 460-bp fragment containing the in-
troduced HindIII site at one end. The fragment was
digested with KpnI and HindIII and introduced into a
pBS-TLCV sat-DNA NcoI/PstI 1.1-mer clone from which
the corresponding wild-type fragment had been re-
moved. The identities of mutant clones were confirmed
by sequence analysis. The HindIII/KpnI fragments were
subcloned into the corresponding sites of the pBin19-
TLCV sat-DNA NcoI/SpeI 1.3-mer clone. The recombinant
plasmids were introduced into Agrobacterium tumefa-
ciens strain C58 by electroporation and used in infectivity
assays by agroinoculation (Dry et al., 1993). To generate
the 5/3BSm construct with mutations at both Rep-bind-
ing sites, the plasmid containing 5BSm was used as a
template and the second mutation was incorporated into
the sat-DNA primer 10-C (Table 2) and used in PCR as
described above.
The same method was also used to generate TLCV
mutant constructs. A pair of TLCV-specific primers, P1-C
carrying a BamHI site and P2-V containing a XhoI site
(Table 2), were used as flanking primers in PCR with a
pTLC4 clone as the template. The TLCV internal mutant
primers are listed in Table 2. The PCR product (907 bp)
was digested with XhoI and BamHI and introduced into a
pBS vector digested with XhoI and BamHI. The identities
of mutant clones were confirmed by sequence analysis.
The fragments were digested with SalI and SacI and
introduced into a TLCV SalI monomer clone from which
the corresponding wild-type fragment had been re-
moved. The SalI TLCV monomer was subcloned into the
corresponding site of the pBin19-TLCV SalI/KpnI 1.5-mer
clone (Rigden et al., 1996). The mutant constructs were
introduced into A. tumefaciens strain C58 and used for
agroinoculation.
Whole-plant infectivity assays
Agroinoculation was done with a 48–72 h culture of A.
tumefaciens containing tandem-repeat constructs in
pBin19 (Rigden et al., 1996). Bacterial cultures bearing
TLCV and TLCV sat-DNA constructs were mixed in equal
proportions and inoculated. Newly developing leaves
were sampled 14–28 days after inoculation. The pres-
ence of replicative DNA forms was detected by Southern
blot analysis. DNA was extracted as described (Behjat-
nia et al., 1996) and analyzed in 1.8% agarose gels con-
taining 0.5 g/ml ethidium bromide. The gels were blot-
ted and hybridized with 32P-labeled full-length TLCV or
TLCV sat-DNA probes as described (Behjatnia et al.,
1996).
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